An evaporative cooling system (ECS) has a number of benefits. First and foremost, it will use only a fraction of the energy of typical compressor-based cooling systems. ECS's is divided into three different types: 1) direct evaporative coolers (DECs), 2) indirect evaporative coolers (IECs), and (3) a combined system of direct and indirect evaporative coolers (DIECs). Although the DEC is simple and economical, the efficiency is low, as it cannot achieve a cooling temperature lower than wet bulb temperature. While some IECs or DIECs can achieve a higher performance, the system is complex and the initial cost is high. This paper presents a theoretical model of a combined compact evaporative cooler (CCEC), which utilizes thin film evaporation. To verify the model, the prediction has compared with experimental data, and results show that the model can be used to predict the effects of relative humidity and air flow rate based on the wet bulb effectiveness and dew point effectiveness in this CCEC system. Most importantly, it shows that this CCEC system can achieve an ultra-high cooling efficiency.
INTRODUCTION
An evaporative cooling system can be utilized as a low-power consuming appliance, for various space cooling applications. It is especially suited for hot and dry areas serving industrial and agricultural needs. Evaporative coolers only require enough electricity to run a water pump and air blower, which consumes 75% less power than a conventional vapor compression system cooler [1] [2] [3] [4] . Fig.1a . shows a direct evaporative cooler (DEC) receiving both hot and dry air illustrated by the inlet arrow point. After contact with water, the air temperature lowers and its humidity increases at the outlet arrow point. For a perfect system, the process is adiabatic, that is, the condition of delivered air is saturated and reaches the wet bulb temperature of the ambient air, which is the lowest temperature that can be achieved by the direct evaporative cooler. A psychrometric chart (Fig.1b) shows how the direct evaporative cooling process follows a line of constant enthalpy or wet bulb temperature. 
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The main difference between direct and indirect evaporative cooling (DEC vs. IEC) is that IEC is air cooled without an increase in moisture content. The ambient air passes through two channels, one of which is wet where the secondary air passes and exchanges mass and heat with the water film. For this, secondary air temperature reduces before leaving the unit. On the other side, the primary air passes through the dry channel that is cooled sensibly by losing heat to the wet channel before channelled into space it is meant to cool Fig.2a . On a psychrometric chart (Fig.2b) , the cooling process of the primary air on the dry side follows a line of constant specific humidity since the moisture content of the air does not change. The indirect evaporative cooling system has theoretically and experimentally studied by numerous researchers because of its efficiency in hot and dry districts. In 1979, Pescod [5] investigated IEC experimentally and mathematically. The prototype consists of parallel plastic plates with protrusions on their surfaces. Results showed a variation in efficiency value resulting from the uneven distribution of water on the plates. The thermal performance of a wet plastic plate heat exchanger was also analyzed numerically by Hsieh [6] , who obtained a good congruence between the numerical results and experimental data by applying the wetting factor concept. Hsu et al. [7] studied the performance of three laboratory wet-surface heat exchanger models: unidirectional, counter flow and a counter-flow closed loop configuration. They also compared a cross-flow closed-loop commercial unit. Their primary objective was to test all models using a stream of air cooled to a temperature lower than the inlet wet-bulb temperature by the evaporation of water. They easily achieved dry-bulb temperatures notably lower than the inlet wet-bulb temperature. They also observed that the efficiency of cross flow heat exchangers is significantly affected by increasing the ratio of dry to wet air channel length. Erens and Dreyer [8] used three mathematical categories to model a counterflow indirect evaporative cooler. Their first model considered the Lewis factor and water spray evaporative rate. It led to the Merkel model, where the Lewis factor is equal to unity, and the water evaporation rate did not affect. The third simplified model showed no change in water temperature through the unit. They advised using the simplified model for small size systems and incipient design. Chengqin and Hongxing [9] presented a mathematical model using the counter/parallel flow of an indirect evaporative cooler. They investigated the influence of the spray water evaporation rate, Lewis factor, surface wettability and change in water temperature for cooler performance in their model. The analytic results agreed well with the numerical data of their model. The effect of primary-to-secondary air mass flow rate was observed by Heidarinejad and Bozorgmehr [10] . They discussed a numerical procedure to model an indirect evaporative cooler. Results showed the highest performance reached by using a counter or cross flow evaporative cooler.
Khalajzadeh et al. [11] numerically investigated a novel system comprised of a ground heat exchanger coupled with an indirect evaporative cooler to reduce inlet air temperature. Results indicated this system matched the standard thermal conditions. González et al. [12] designed, constructed and tested a simple polycarbonate heat exchanger to extract residual energy from exhaust air and meet the cooling needs of their target space. They conducted 64 total experiments with 32 tests for each system. The cooling capacity increased by about 13% and the required energy for cooling was cut in half during the summer season. Heidarinejad and Moshari [13] studied the effect of convective heat transfer when they developed their novel model for a cross flow indirect evaporative cooler. They analyzed the conduction along plate walls and the
impact of varying in spray water temperatures throughout the cooler. Their results showed the two-stage cooling effectiveness to be about 50% greater than that of a single indirect evaporative cooler.
Chua et al. [14] numerically developed a 2D mathematical model to study the performance of an indirect evaporative cooler. They found that the counterflow between falling film water and its secondary air is better than the parallel flow arrangement. Although the indirect evaporative cooler cools air at a constant humidity, the temperature of the delivered (primary) is air limited to the wet bulb temperature of the secondary air. For this reason, IEC has been developed into a hybrid evaporative cooler to exceed the cooling limit.
The hybrid evaporative cooler (HEC), is a modified version of ICE. Both HEC and IEC contain wet and dry channels, but HEC is different from IEC in that the secondary air is extracted from the end of the dry channel and diverted to the wet channel instead of the ambient air as shown in Fig. 3 . Thus, the dew point temperature of the ambient air is the lowest temperature that this system can achieve. Three configurations of a hybrid evaporative cooler were studied numerically by Lee et al. [15] : the flat plate type, corrugated plate type, and finned channel type counterflow. They found that the minimum volume for a given effectiveness within a limited pressure drop reached by using the finned channel. Wet channels walls were treated to increase wettability by coating them with small particles (5 to 20 µm in diameter) when Lee, J., and Lee, D-Y [16] constructed and tested a hybrid evaporative cooler. To validate their work, they compared experimental data with numerical results. They observed that the effectiveness increased when increasing the extraction ratio. Meanwhile, the cooling capacity reached the maximum value at 30% of the extraction value. They also found that the cooling capacity was reduced to increase water flow rate due to the increased evaporation water flow rate. Khalid et al. [17] studied experimentally the performance of the IEC counter flow arranged in an M-cycle (Maisosenko cycle) at various simulated climatic conditions. The proposed system is mainly composed of eight sheets of composite material called Kraft paper. Results showed the product air temperature is proportional to the inlet air temperature. Moreover, the wet bulb effectiveness and dew point effectiveness have an almost linear relationship with inlet air temperature. They also found that increasing inlet air velocity has an adverse influence on wet bulb effectiveness and dew point effectiveness.
Duan et al. [18] experimentally analyzed the cooling performance of a hybrid evaporative cooler. They constructed and tested an HEC that consists of a series of dry and wet channels separated by a sheet of aluminum. They improved cooling efficiency by decreasing inlet air velocity and increasing the level of working to inlet air. They also improved the water evaporation ratio by increasing wet bulb depression. An innovative hybrid cooler model made of plastic film and paper composites was constructed and tested by Kim [19] . His model had an optimum extraction ratio, which increased dew point efficiency which was also found to increase with dry channel inlet temperature or an increase in humidity. However, as the humidity increased, the cooling capacity decreased. Kabeel and Abdelgaied [20] investigated the performance of IEC based on a hybrid pattern, numerically and experimentally. They used thin cotton film for the channel's wall and coated with an aluminum sheet to keep the dry channel from moisture. They studied the influence of inlet air conditions, dry bulb temperature, and humidity, in the five novel configuration performances. Results showed the temperature of the primary air to decrease with the increasing baffles number and the wet bulb effectiveness reached about 20% and 43%, respectively, compared with the conventional channel configuration (without baffles).
For increasing system efficiency, direct and indirect evaporative coolers are brought together in the twostage evaporative cooler (TSEC) operation as shown in Fig. 4 . The psychometric processes of this system are a mix of both DEC and IEC systems. It follows a constant specific humidity line in the first stage (moisture content of the air remains) and a constant enthalpy line in the second stage. Despite the IEC capability for not influencing the vapor content in the supply air, its wet bulb efficiency is between 40 and 50%, less than that of DEC. This efficiency could reach between 70 and 80% [21] . To overcome these limitations, researchers began studying this type of heat exchanger in 1952, [22] . Because pad material plays a vital role in cooler efficiency, an experimental study was conducted by El-Dessouky and Haddad [23] . They considered the pad thickness, water flow rate and mass flux of water flowing over a rigid medium. Their results showed that the effectiveness of a structured pad is higher than leaf sheaths due to its characteristics.
Fig. 4 Schematic diagram of TSEC.
El-Dessouky et al. [24] constructed and tested a TSEC for tropical conditions with special attention paid to the pad thickness, IEC flow direction and water flow rate of DEC on system performance. DEC efficiency was 64-93%. IEC efficiency was 20-40%. After coupling DEC and IEC together, the efficiency rose to 90-120%. Jain [25] developed and tested a TSEC unit to enhance evaporative cooling efficiency for fruit and vegetable storage and to supply low-temperature highly humid air. The author found that TSEC can reduce the temperature up to the wet bulb depression of ambient air and achieve 90% relative humidity. The temperature drop efficiency of evaporative cooling was the performance test of greatest concern and ranged from 8 to 16 °C. Also, TSEC two-stage evaporative cooling showed a 1.1 to 1.2 improvement over single evaporation cooling. The overall relative humidity was between 50 and 75%, which is ideal for fruits and vegetables. Heidarinejad et al. [26] investigated the performance of TSEC in different regions of Iran experimentally. Results indicated that IEC effectiveness differed ranging from 55 to 61%. The effectiveness of TSEC changed within a range of 108 to 111%, and more than 60% of the power that used for the cooling process was saved compared with the mechanical vapor compression system.
The optimum thickness of a pad was selected by Zhang et al. [27] . They constructed and tested a TSEC system where the plate thickness and length for IEC are 0.4 cm and 4 mm, respectively, and 20 cm is the thickness of the DEC's pad. They showed that pad thickness, inlet air wet bulb temperature and secondary air relative humidity have a remarkable effect on outlet air temperature. They also indicated that the optimum pad thickness is about 20 cm. Dan and Wei [28] utilized the thermal technical calculation method to evaluate optimum water spraying density for direct and indirect evaporative coolers experimentally. The results indicate that DEC effectiveness increases by increasing the spread water density until it reaches 97% and by reducing air velocity and water density at given conditions. Although they apply the same concept on IEC, the effectiveness decreases from 70% to 97%. Gebrehiwot et al. [29] used a CFD tool to model an indirect-direct evaporative cooler and compared its results with published data for a similar unit. They found the intake air duct orientation to have a negligible effect on the system performance. Meanwhile, changing damper place has a positive impact on the air filter lifespan.
Gilani and Poshtiri [30] evaluated the performance of TSEC numerically in various simulated climatic conditions and designed a proposed guideline to assess the performance under several conditions. They recommended limits of ambient temperature and relative humidity. The limits are 27-41 °C, 10-60% for TFEC-2018-21631 DEC, 27-39 °C, 10-60% for IEC and (> 54 °C 10%), (> 34 °C, 60%) for TSEC. The objective of this research is to develop a mathematical model for parallel plates hybrid evaporative cooler (HEC) with a counterflow pattern. Results are used to improve wet-bulb effectiveness and dew point effectiveness through changing surface dimensions or operating conditions.
MATHEMATICAL MODELING OF THE SYSTEM
In this study, the presented model consist of the repetition of a dry channel and a wet channel pair arranged to come into contact with each other as shown in Fig. 5 . The dry and wet channels separated by a thin aluminium flat plate, and a thin water film covers the inner surface of the wet channel. A portion of the airstream diverted at the end of the dry channel into the wet channel that cooled airstream sensibly by vaporizing water on the wet surface. To analyze the heat and mass transfer analysis, the suggested model based on the following assumptions: 1. Saturated air and water film in counter direction; 2. Two-dimensional flow; 3. Steady and incompressible flow; 4. Fluid properties change with temperature; 5. The air flow through a system's channels is fully developed; 6. The shape of channels is uniform through the cooler; 7. Lewis factor is unity; 8. Water flow in a closed cycle; 9. The system is well insulated, and there is no heat exchange with the surrounding; 
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For the dry channel, the heat transfer rate can be expressed as:
where md is the air flow rate through the dry channel and cpd is the specific heat at constant pressure of the dry air.
The rate of sensible heat transfer from the dry to the water film is given by [31] :
where Ψ is the wettability factor and Udw is the overall heat transfer coefficient from the dry air channel to the water film that can be written as:
The rate of sensible heat transfer from the dry air channel to the saturated air expressed as:
where Uds is the overall heat transfer coefficient from the dry air channel to the saturated air and can be calculated as:
Furthermore, equations 1,2 and 4 can be combined to yield the energy balance for the dry channel along the y-direction:
For the air stream in the wet channel:
ss dq represents the transmitted sensible heat between wet air and thin water film.
)) ((T e dm = dq w s w sl (8) dqsl is the latent heat between wet air and thin water film and mw is the mass flow rate of the evaporative water. The conservation of mass for the differential control volume in the wet channel can be written as:
Where hm is the mass transfer coefficient, and ωs is the humidity ratio for the saturated air. d =m dm 
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The applied boundary conditions are:
Heat Transfer Coefficients
The convective heat transfer coefficient for dry and wet air has obtained from the relation 
where Nu is the Nusselt number, kair is the thermal conductivity of air, and Dh is the hydraulic diameter of the passage that described in [32] . Thus, c h 4A D= p (29) TFEC-2018-21631
Where Ac and P are the cross-sectional area and parameter of the passage, respectively. Heat transfer coefficient of the air has obtained by assuming the air is laminar and a fully developed flow between two parallel plates with one wall experiencing heat transfer in dry and wet passages, according to a Nusselt number of about 5.385 [33] . The equations presented here are solved using Newton's method by Engineering Equation Solver EES. In this method, the process begins with an estimated initial value for each variable, and then the guessing values are iteratively adjusted until the residual become 10-6. The cooler parameters have tabulated in Table 1and operating conditions for the proposed model are shown in Table 2 . 
VALIDATION OF THE PRESENTED MODEL
To test and validate the model's efficiency results compared with the experimental data of [17] , and theoretical results of [34] , the comparison conditions are presented in table 3 and table 4 . Table 5 and Table 6 show good agreement between the presented model and published results of [17] and [34] . The small deviation of the result within ±3 proves the accuracy of the developed model. It should be pointed out for [34] , the dry air flow is assumed to be laminar and fully developed flows go through rectangular flutes. Nusselt number is 2.81 for fully developed laminar flow in rectangular ducts with an aspect ratio of 1.5 [33] . Table 5 Comparisons between data obtained by suggested model and by experimental work [17] . V=1.5 m/s , ωin=12.7 g/kg Table 6 Comparisons between data obtained by suggested model and by experimental work [34] . =4200 m3/hr , ωin=8 g/kg
RESULTS AND DISCUSSION
This section describes the model's performance and discusses the effect of channel length, width, and spacing, as well as extraction ratio and inlet air mass flow rate on temperature distribution through cooler channels. Fig. 6 shows the temperature distributions of the air and water film along the heat exchanger channels under given conditions. The temperature of the dry (primary) air decreases along the dry channel due to losing heat to water film, which is below the primary air temperature. The figure also shows that the temperature of the wet air is very close to water film temperature, especially at the last part of the wet channel.
No 
Effect of Plate Width
Plate width varies from 0.2 to 1 m to study its effect on the performance of HEC as shown in Fig. 7 . It shows the relationship between the channel width and the temperature of the delivered air. The temperature drop is very slight after the 0.4 m channel width which makes it the appropriate width for this model. TFEC-2018-21631
Effect of Channel Spacing
To study the effect of the inlet air flow rate on the cooler performance, a set of simulations have conducted, By controlling the inlet air velocity, the channel space, and inlet air temperature while inlet air humidity ratio and the extraction ratio has kept constant. Fig.8 describes the influence of channel spacing on unit performance represented by dew point effectiveness for various intake air temperatures. As shown in Fig. 8 , the dew point effectiveness is adversely influenced with channel spacing due to increasing the hydraulic diameter that leads to an increasing mass and heat transfer coefficient. 
Effect of Extraction Ratio
The extraction ratio is defined as the delivery to intake air mass flow ratio as shown in Fig. 9 , increasing the extraction ratio has a linear effect on wet bulb effectiveness, and adverse effect on delivered air temperature. This impact has clarified by Anisimov [35] , where the extraction ratio is small, the heat capacity of saturated air is small, and its ability to accommodate water vapor is low. The opposite occurs when the extraction ratio increases, which enhances sensible heat transfer from dry to wet channel and increases system efficiency. 
Effect of Channel Length
To study the effect plate's length on the system performance and supply air temperature, a set of simulations have conducted at constant inlet air velocity, inlet air humidity ratio, and extraction ratio. Fig. 10 shows the impact of channel length on wet bulb effectiveness and outlet air temperature. Model effectiveness increases when the channel length increases until unity is reached at 0.4 m length while the opposite happens with delivered air temperature because an increased channel length means an increase in the heat transfer area between air and water film. Fig. 11 shows the effect of inlet air mass flow rate on wet bulb effectiveness at different values of the extraction ratio. For a high extraction ratio, the system effectiveness is adversely proportioned with the changing inlet mass flow rate. This is due to increasing air mass leading to an increase in its velocity through the channel, which reduces the time required to transfer heat between the air and the water film. However, for low extraction ratio, increasing air mass flow rate increases the system effectiveness because increasing the inlet air mass will compensate for the shortage of saturated air mass due to the low extraction ratio and that increases air heat capacity in a wet channel to assimilate water vapor. 
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Effect of Inlet Mass Flow Rate on Performance
CONCLUSIONS
A mathematical model was developed to discuss the heat and mass transfer of a counterflow hybrid evaporative cooler. The developed equations have solved by EES and validated by comparing them with experimental and theoretical data from published literature. A great agreement has been found between them. A wide variety of parameters that affect the thermal performance of the cooler have examined. Results show that the appropriate length and width for the plate of the proposed unit is 0.4 m, and system effectiveness decline with increased channel spacing is due to an increase in mass flow and heat transfer coefficients. Also, for high extraction ratio; system efficiency reduces due to rising air mass flow rates and reducing the time required for heat exchange. The developed model can be used for designing and optimizing an indirect evaporative cooler making it more efficient to work in hot and arid climates. 
